The aryl hydrocarbon receptor (AhR) is a nuclear receptor that regulates xenobiotic metabolism and detoxification. Herein, we report a previously undescribed role for the AhR signaling pathway as an essential defense mechanism in the pathogenesis of early dry age-related macular degeneration (AMD), the leading cause of vision loss in the elderly. We found that AhR activity and protein levels in human retinal pigment epithelial (RPE) cells, cells vulnerable in AMD, decrease with age. This finding is significant given that age is the most established risk factor for development of AMD. Moreover, AhR −/− mice exhibit decreased visual function and develop dry AMD-like pathology, including disrupted RPE cell tight junctions, accumulation of RPE cell lipofuscin, basal laminar and linear-like deposit material, Bruch's membrane thickening, and progressive RPE and choroidal atrophy. High-serum low-density lipoprotein levels were also observed in AhR −/− mice. In its oxidized form, this lipoprotein can stimulate increased secretion of extracellular matrix molecules commonly found in deposits from RPE cells, in an AhR-dependent manner. This study demonstrates the importance of cellular clearance via the AhR signaling pathway in dry AMD pathogenesis, implicating AhR as a potential target, and the mouse model as a useful platform for validating future therapies.
The aryl hydrocarbon receptor (AhR) is a nuclear receptor that regulates xenobiotic metabolism and detoxification. Herein, we report a previously undescribed role for the AhR signaling pathway as an essential defense mechanism in the pathogenesis of early dry age-related macular degeneration (AMD), the leading cause of vision loss in the elderly. We found that AhR activity and protein levels in human retinal pigment epithelial (RPE) cells, cells vulnerable in AMD, decrease with age. This finding is significant given that age is the most established risk factor for development of AMD. Moreover, AhR −/− mice exhibit decreased visual function and develop dry AMD-like pathology, including disrupted RPE cell tight junctions, accumulation of RPE cell lipofuscin, basal laminar and linear-like deposit material, Bruch's membrane thickening, and progressive RPE and choroidal atrophy. High-serum low-density lipoprotein levels were also observed in AhR −/− mice. In its oxidized form, this lipoprotein can stimulate increased secretion of extracellular matrix molecules commonly found in deposits from RPE cells, in an AhR-dependent manner. This study demonstrates the importance of cellular clearance via the AhR signaling pathway in dry AMD pathogenesis, implicating AhR as a potential target, and the mouse model as a useful platform for validating future therapies.
retinal pigment epithelium | retinal disease | toxin metabolism | oxidized low density lipoprotein A ge-related macular degeneration (AMD) is the leading cause of vision loss in individuals over the age of 55 y in the Western world (1) . It is a complex and heterogeneous disease, multifactorial with genetic, systemic health, and environmental factors regulating its initiation and progression (2, 3) . Phenotypically, eyes with the dry clinical subtype are characterized by accumulation of focal and diffuse extracellular lipid protein-rich deposits below the retinal pigment epithelial cells (sub-RPE in 85-87% of cases) and/or within Bruch's membrane. These deposits include drusen, basal laminar, and basal linear deposits (4, 5) and are associated with RPE dysfunction, apoptosis, and ultimately degeneration. The latter of which, RPE atrophy and degeneration, is seen in an advanced form of dry AMD called geographic atrophy. Currently, there are no treatment options available for these patients. Despite advances in our understanding of the composition of sub-RPE deposits (6) (7) (8) , the critical molecular events and signaling pathways leading to progressive RPE dysfunction and extracellular deposit biogenesis are still unknown.
One function crucial to cellular health is the cells ability to degrade harmful substances from exogenous and endogenous sources, ultimately preventing cellular accumulation of detrimental lipids and proteins. The aryl hydrocarbon receptor (AhR) signaling pathway is a major defense mechanism that has evolved to protect against toxin overload in cells under continual threat from metabolic waste products and xenobiotics. In that capacity, it regulates multiple phase I and II metabolic enzymes that metabolize endogenous and xenobiotic compounds, clearing cellular molecular garbage, thereby preventing further damage and aging (9) . The AhR is a ligand-dependent transcription factor and a member of the Per-Arnt-Sim (PAS) superfamily of proteins. Although originally identified as the receptor for environmental contaminants such as polycyclic and halogenated aromatic hydrocarbons (PAH and HAH), constituents of cigarette smoke, byproducts of industrial combustion, automobile exhaust, and the human diet (10) , mounting evidence indicates that this receptor has a number of diverse endogenous and exogenous ligands (11) (12) (13) .
Studies on the mechanisms of AhR have mainly used the HAH 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) as the prototype ligand, which is resistant to environmental and biological degradation (14) . Upon ligand binding, the PAS domain of the AhR heterodimerizes with a structurally related protein called the AhR nuclear translocator (ARNT). This complex then facilitates expression of a battery of genes encoding xenobiotic and drug-metabolizing enzymes [e.g., cytochrome P450 (CYP) 1A1, B1] and genes involved in extracellular matrix metabolism, cholesterol biosynthesis, ubiquitination and proteasomal degradation, and clearance (15) (16) (17) (18) (19) .
Significance
Age-related Macular Degeneration (AMD) is the leading cause of vision loss. In its early stage, extracellular deposits accumulate below the retinal pigment epithelial layer (RPE), nurse cells to the retina. Identification of therapeutic treatments targeting deposit removal, which when left untreated exacerbate RPE and retinal damage, necessitates the discovery of pathways regulating deposit formation. We show that the activity of a nuclear receptor, essential to xenobiotic/toxin metabolism and cellular debris clearance, is critical to maintaining RPE cell health and that its deficiency in mice causes AMD pathology. This model provides a better understanding of AMD pathogenic mechanisms and a platform for testing novel therapeutics.
Recent findings based on haplotype analysis of AMD versus control cases suggest that AhR may play a role in AMD susceptibility (20) . This possible minor genetic association, along with the overlap between molecular events regulated by AhR, such as extracellular matrix proteolysis, cellular degradation and clearance, and events important in sub-RPE deposit formation, led us to hypothesize that the AhR signaling pathway may be important in AMD pathogenesis. To test this hypothesis, we determined the expression and activity of AhR as a function of age, given that age is the most established risk factor for development of AMD. We demonstrated that the AhR signaling pathway is active in RPE cells derived from human donor eye tissue. We examined visual function and morphology of eyes from mice harboring the null allele at the aryl hydrocarbon locus (AhR −/− ). We found that the AhR along with constituents of it canonical signaling pathway are present in human RPE cells, that AhR activity and protein levels in human RPE cells decrease with age, and that aged AhR −/− mice exhibit hallmark characteristics of dry AMD. Furthermore, we demonstrate that secretion of collagen IV, a known component of sub-RPE deposits, is seen from RPE cells following AhR knockdown and exacerbated following treatment with oxidized low-density lipoprotein (oxLDL). In vivo, in the absence of a functional AhR, serum LDL increases and consequently may stimulate further extracellular matrix production by RPE cells, supporting the hypothesis that decreased AhR activity promotes sub-RPE deposit formation, in part, through the effects of increased oxLDL on RPE cells.
Results
The AhR Signaling Pathway Is Active in Human RPE Cells. AhR activity can be investigated by (i) examining transcriptional activity, i.e., the binding of the receptor-ligand complex to the gene response element, and (ii) evaluating the expression of known AhR target genes. To determine whether the AhR signaling pathway is present in human RPE cells, we examined AhR and ARNT expression in ARPE19 cells, primary RPE (1-RPE) cell cultures, and freshly isolated human RPE cells ( Fig. 1 A and B) . We also assessed AhR transcriptional activity and target-gene expression in ARPE19 cells following treatment with known AhR agonists and antagonists ( Fig. 1 C-F , Table S1 ). AhR agonists, dioxin (TCDD), cigarette smoke extract (CSE), benzo (a)pyrene (BAP), β-napthoflavone (βNF), and the partial agonist/antagonist α-napthoflavone (αNF) all activated ARPE19 cell AhRs (Fig. 1C) . This activity was diminished with AhR antagonist treatment and upon AhR knockdown ( Fig. 1 C and D) . Expression of CYP1A1 and CYP1B1, AhR-specific target genes, increased following AhR agonist treatment and once again diminished following AhR knockdown ( Fig. 1 E and F) . Hydroquinone (HQ), a benzopyrene and known component of cigarette smoke and environmental pollutants, also functioned as an AhR agonist, activating the receptor and increasing target gene expression ( Fig. 1 C-F) .
AhR Activity Decreases as a Function of Age. Because age is the primary demographic factor associated with AMD, we determined age-related differences in endogenous AhR transcriptional activity, normalized to ARPE19 transcriptional activity, in primary RPE cell lines derived from young (<55 y old) and old (>55 y old) human donors ( Fig. 2 A and B and Table S2 ). A significant decrease in AhR activity and protein levels was observed with advanced age (Fig. 2 A-D, P < 0.05, n = 5 per age group) whereas AhR mRNA expression did not change significantly (Fig. 2E) . The expression of ARNT, which complexes with ligand bound AhR and is a contributor to AhR activity, also did not change significantly with age ( Fig. 2 C and F) . Taken together, these findings suggest that the decreased AhR activity and protein levels may be associated with decreased DNA binding affinity of the AhR-ligand complex or altered recruitment of coactivators and corepressors necessary for downstream gene transcription (21) . Given the observed decreased activity and protein expression of AhR with age in human RPE cells, we next examined the effect of AhR in the eye, in vivo, using AhR-null mice. (n = 8, four female and four male) and age-matched wild-type mice (n = 8, four female and four male). Averaged ERG responses of dark-adapted AhR −/− mice under scotopic and photopic conditions revealed smaller b-wave amplitudes compared with age-matched wild-type mice at all flash intensities ( Fig. 3 A  and C) . An approximately 50% reduction in scotopic b-wave amplitudes, and minor impairment of a-waves, quantitatively assessed by plotting average wave amplitudes as a function of flash intensity, were seen in AhR −/− mice (Fig. 3B ). Because bwaves reflect the light responses of the ON-bipolar cells receiving inputs from photoreceptors, it is possible that the reduced bwave amplitudes are a consequence of impaired photoreceptor light responses as revealed by the reduced a-waves. We investigated this possibility by calculating the ratio between b-wave amplitudes and a-waves evoked by the same flash intensity for wild-type and AhR −/− mice (Fig. 3E) . We found that the ratios were essentially the same regardless of genotype, indicating that the reduced b-waves in AhR −/− mice are a consequence of im- paired a-wave responses. We also observed reduced photopic cone-driven b-wave responses in the AhR knockouts similar to the effect on dark-adapted b-waves ( Fig. 3 C and D) , again with the b-wave/a-wave ratios being similar regardless of genotype ( Fig. 3E) , suggesting that the recorded ERG functional impairment of photoreceptors may be due to RPE cell damage (22) . To determine whether there is a morphological correlation with the visual function changes seen, we examined retinal sections from young and old AhR −/− mice. Although no noticeable differences were seen in the overall architecture of the outer retina of 3-and 6-mo-old AhR −/− ( Fig. 3 G and H) compared with young and old wild-type mice (Fig. 3F) , an age-dependent thinning of the inner and outer nuclear layers (INL and ONL, respectively) was observed at 11 and 16 mo in AhR −/− mice ( Fig.  3 I and J, P < 0.05 for both INL and ONL of 11-and 16-mo-old AhR −/− mice, n = 6-10 images per mouse, n = 11-12 mice per genotype) (Figs. S1 and S2). However, no differences in the inner and outer segments were seen in 11-mo-old mice based on genotype, according to the immunohistochemical staining pattern of rhodopsin, the photopigment in the rod photoreceptor discs, and lectin staining using peanut agglutinin (PNA), which outlines the cone photoreceptor sheaths (Fig. S3 ). To determine whether the reduced b-wave amplitudes in AhR −/− mice correspond to morphological changes, we inspected the distribution, cell number and morphology of rod bipolar cells and cells in the inner plexiform and ganglion cell layers, in 11-mo-old AhR −/− and wild-type retinas using the immunohistochemical markers protein kinase c alpha (PKC α) and calretinin (Fig. S3) . Again, no notable differences were observed in the staining pattern based on genotype. Our findings correlate with those of Chevallier et al., who recently examined young 3-mo-old AhR-null and wild-type mice and also did not find any difference in protein localization of secondary retinal neuronal markers (23) . Markers for glial cells and synaptic vesicles, glial fibrillary acidic protein (GFAP), and synaptic vesicle 2 (SV2), respectively, were also used to evaluate possible genotype-associated variability in the retina; however, no differences were observed. These findings support our ERG results and suggest that the minor architectural changes observed in the ONL and INL thickness on examination of cross sections of the overlying retina in AhR −/− mice may be a consequence of RPE cell damage, as reported previously in human AMD (24) .
AMD-Like RPE and Choroidal Pathology in AhR
−/− Mice Develop as a Function of Age. The similar decrease in a-and b-wave ratios based on ERG analysis observed in our mice indicates an impairment of photoreceptor light activity that may be due to RPE damage (22) . Therefore, we first examined autofluorescence accumulation, which is associated with RPE dysfunction in AMD (25) , in retinal/RPE cyrosections from 11-mo-old AhR −/− and wild-type mice. We found a significant increase in lipofuscinassociated autofluorescence in AhR −/− animals ( Fig. 4 A-C, P < 0.05, n = 3 sections per mouse, n = 4-5 mice per genotype). The Lambda (λ) scans showed a fluorescence spectrum with typical characteristics of lipofuscin (26) . We observed a proportional increase in emission at all wavelengths and a 72% increase in RPE autofluorescence in AhR −/− compared with age-matched wild-type eyes. This increase in RPE autofluorescence was seen throughout the section and was not focally confined to a particular region of the eye. RPE morphology was further evaluated in flat mounts stained for filamentous actin (F-actin) using phalloidin labeling, which outlines the RPE cell (Fig. 4D ). RPE cell-boundary disruptions and increased frequency of multinucleated RPE cells were seen in focal regions of flat mounts from AhR −/− mice. Notably, a similar pattern has been observed in RPE flat mounts from donor eyes with documented AMD (27) .
Next, we further evaluated retinal/RPE/Bruch's membrane morphology in AhR −/− and wild-type mice. No differences were seen in 3-and 6-mo-old AhR −/− and aged-matched wild-type mice by light microscopy ( Fig. 3 F-H) observations that were confirmed by electron microscopy. Evaluation of 11-and 16-moold wild-type mice with light and electron microscopy also appeared normal, with no significant changes observed in the retina or RPE/Bruch's membrane. In contrast, signs of RPE degeneration became evident at 11 mo of age in AhR −/− mice and included vacuolization and thick focal and diffuse sub-RPE deposits as well as regions of hyper-and hypopigmentation ( Fig.  4E and Fig. S4A ). More extensive vacuolization, pigmentary changes. and RPE atrophy were seen in 16-mo-old AhR −/− mice ( Fig. 4F and Fig. S4B ). Interestingly, on examination of posterior segment flat mounts, focal choroidal atrophy was seen in AhR −/− mice as early as 3 mo of age, the area of which increased with age ( Fig. 5 A and B) . Fundus and optical coherence tomography (OCT) imaging and transmission electron microscopy of 11-moold AhR −/− mice confirmed flat mount findings of choroidal thinning/atrophy (Fig. 5 C and D) . Noteworthy, focal choroidal atrophy has recently been reported to occur in older individuals with posterior pole abnormalities and may also be associated with findings typical for AMD (28) . In our AhR −/− mice, the regions of RPE abnormalities corresponded to areas with choroidal atrophy, but not exclusively, and, in fact, increased RPE autofluorescence and sub-RPE deposits in AhR −/− mice were seen throughout the eye. No evidence of choroidal or retinal neovascularization was observed in AhR −/− mice of any age. Transmission electron microscopy was used for detailed examination of the RPE/Bruch's membrane complex ( Fig. 6 and Table S3 ). Although 11-mo-old wild-type mice exhibited normal RPE morphology with organized basal infoldings and apical processes (Fig. 6A) , age-matched AhR −/− mice had vacuolized RPE cell junctions (Fig. 6B) , corresponding to the disrupted F-actin staining pattern observed in RPE flat mounts (Fig. 4D) . Absence of basal infoldings (Fig. 6 C and D) , thinning of RPE cells (Fig. 6D) , and extensive continuous sub-RPE deposits below disrupted basal infoldings (Fig. 6 E-G) (seen in all eyes, >68% of area along the back of the eye cup), composed of amorphous electron dense material and fibrous long spacing collagen characteristic of basal laminar deposits, as seen in AMD (Fig. 6 F and G) , were also seen in AhR −/− mice. Pigmentary changes observed included abundant melanogenesis and pigmentary degradation (Fig. 6 H and I) . Overall incidence of AMD-related pathology observed in our cohort of mouse eyes is provided in Table S3 .
Examination of the RPE/Bruch's membrane junction in wildtype mice at 16 mo of age appeared normal (Fig. 7A ) whereas age-matched AhR −/− mice showed a progressive age-related increase in disorganized and absent RPE basal infoldings and RPE degeneration (Fig. 7B ) (seen in all eyes, >38% of area along the back of the eye cup). Thick continuous deposits were evident underlying depigmented and atrophied RPE cells (Fig. 7 C-E) . Considerable RPE pigmentary changes comprising hyperpigmentation (Fig. 7 F and G) and lipofuscin accumulation (Fig.  7G) were also observed. Noteworthy was the observation of basal linear deposit-like material including membranous debris and electron lucent droplets within Bruch's membrane of 16-mo-old AhR −/− mice (Fig. 7H) . Basal linear deposits and drusen are regarded as hallmarks of early AMD and confer increased risk for progression (5) . Finally, we measured the thickness of Bruch's membrane in wild-type and AhR −/− mice and found a significant increase in 11-and 16-mo-old AhR −/− mice ( Fig. S1 , P < 0.01 for both 11-and 16-mo-old cohorts, n = 6-10 images per mouse, n = 11-12 mice per genotype). Most of the increased thickness could be attributed to either a thickened, dense inner collagenous layer and/or expanded areas in the elastic layer (i.e., Fig. 7 D and E).
OxLDL and AhR Knockdown Stimulate Collagen IV Secretion from RPE Cells. Previously, McMillan and Bradfield (12) measured elevated levels of serum LDL in a cohort of young AhR-null mice. Additionally, they found that modified LDL using NaOCl oxidation is a potential agonist for AhR. With this in mind, we determined circulating levels of plasma LDL and HDL (highdensity lipoprotein) in our cohort of aged 11-mo-old AhR −/− and wild-type mice. Although no differences were seen in body weights of mice based on genotype (Fig. 8A ), we measured a significant increase in LDL, but not HDL, levels in AhR −/− compared with wild-type mice (Fig. 8 B and C, P < 0.05, n = 12-15 mice per genotype). Previously, oxLDL has been shown to stimulate extracellular matrix production. Because both LDL and oxLDL may contribute to the pathogenesis of AMD (29, 30) , we examined the degree to which LDL and oxLDL regulate RPE production and secretion of collagen IV, an extracellular matrix molecule found in sub-RPE deposits, through AhR (Fig. 8 D and  E) . We found that, whereas AhR knockdown stimulates collagen IV secretion, treatment with oxLDL results in decreased collagen IV expression in cell extracts concomitant with an even larger relative increase in collagen IV secreted in the media (2.3-fold compared with AhR knockdown alone) (Fig. 8 D and E) . A significant difference in collagen IV production was not seen in RPE cells treated with LDL. Interestingly, confirming previous studies that have shown oxLDL can increase extracellular matrix production in normal vascular smooth muscle cells (31), we also observed increased collagen IV secretion in siControl RPE cells (1.8-fold compared with DMSO-treated cells), supporting the hypothesis that oxLDL may be stimulating extracellular matrix production through induction of more than one pathway (32) . In vivo, increased collagen IV staining and protein were confirmed in the RPE/choroid of AhR −/− mice by immunofluorescence and Western blot analysis (Fig. 8 F-H) , complementing our observation of fibrous long spacing collagen in sub-RPE deposits in these mice (Fig. 6 F and G) . Localization of collagen in basal laminar deposits and thickened Bruch's membrane has previously been reported in human AMD histological sections (4). Finally, oneweek ("chronic") knockdown of AhR in ARPE19 cells also resulted in elevated expression of extracellular matrix molecules, including collagen IV, fibronectin, and the extracellular matrix regulator, transforming growth factor-β (TGF-β) (Fig. 8I) . Together, these data suggest that the absence of AhR may stimulate collagen secretion from RPE cells, promoting extracellular accumulation within deposits, Bruch's membrane, and choroid.
Discussion
We report on a previously undescribed role of the endogenous AhR in sub-RPE debris accumulation and subsequent development of dry AMD. We demonstrate an age-related decrease in AhR activity and expression, the consequence of which may be a disruption in the healthy cellular metabolic response to endogenous and exogenous compounds. We found that AhR −/− mice have impaired visual function, comparable to that reported in AMD patients (33, 34) . AhR −/− mice also presented with key features of dry AMD, including an age-related thinning of the INL and ONL, accumulation of fibrous long-spacing collagen-containing sub-RPE deposits, leading to RPE loss analogous to geographic atrophy. The accumulation of extracellular matrix molecules in deposits of these mice appears to be controlled both directly and potentially indirectly through AhR. Direct regulation is supported by the results of the 1-wk AhR knockdown study in RPE cell culture, demonstrating increased extracellular matrix molecule expression whereas the indirect regulation may occur through increased serum lipoproteins, which in turn stimulates extracellular matrix molecule production and secretion from RPE cells. It has been proposed that, early in life, mechanisms are in place within RPE cells that allow for removal of basally shed RPE debris, thus the absence of sub-RPE deposits in young individuals (35) , and that age-related disruptions to these clearance mechanisms may lead to deposits. Our findings support a role for the AhR signaling pathway in sub-RPE debris clearance, a mechanism that becomes less active with age, and may therefore contribute to disease pathogenesis.
AMD is a multifactorial disorder, without identifiable direct causative factors. The complexity of AMD and number of potential initiating mechanisms proposed to date suggest that susceptibility to disease is attributable in part to human variability. Our study results support this idea, in that we observed lower AhR activity in RPE cells derived from many of our older donors compared with activity in younger donors, although not all older human samples showed diminished activity. This variability is consistent with the fact that not all older individuals develop AMD and that, among those who do, there are differences in time of onset and progression rate. Still, our study provides strong evidence for the concept that individuals with lower versus higher AhR activity may not be as well equipped to metabolize structurally diverse endogenous and exogenous AhR ligands, including xenobiotic, chemical, lipid, and drug insults. Mechanistically, this potential metabolic challenge may be relevant to older smokers and individuals with hypercholesterolemia, who, based on epidemiological studies, are reported to have a higher risk for developing AMD (3). A prevailing AMD pathogenic paradigm is extracellular matrix dysregulation (36) , which may lead to disruption of normal transport of nutrients and removal of waste products across Bruch's membrane. We found that one mechanism by which AhR may influence deposit formation is through extracellular matrix regulation. We show that, in the absence of AhR, there is increased collagen, fibronectin, and TGFβ expression in, and/or secreted from, RPE cells. Collagen and fibronectin are components of sub-RPE deposits and Bruch's membrane, and TGFβ is a regulator of extracellular matrix production (37) . Furthermore, in vivo, the absence of AhR results in elevated circulating levels of LDL, which in the oxidized form can increase collagen secretion from RPE cells in an AhR-dependent manner. Interestingly, oxLDL in RPE cells expressing basal levels of AhR also secrete collagen as previously reported in smooth vascular muscle and mesangial cells (31, 32) , indicating that the effect of oxLDL specifically on extracellular matrix production may be occurring through multiple pathways (32) . Additional AMD-related pathogenic pathways that may be regulated by AhR and need to be investigated in detail include hypoxia, inflammation, alterations in lipid metabolism (38) , and the ubiquitin-proteosomal pathway. Finally, oxidative stress has also been linked to AMD pathogenesis in several animal models, through pathways involving superoxide dismutase 1 (SOD1) (39), SOD2 (40) , and nuclear respiratory factor 2 (NRF2) (41) . Nonetheless, to date, there are no studies that have demonstrated decreased SOD or NRF activity in RPE cells derived from human donor tissue. Interestingly, AhR regulates both SOD1 and -2 (42) and cross-talks with NRF2 (43) .
Cardiovascular disease, increased body mass index, elevated serum LDL, and cholesterol levels are risk factors for AMD progression (44, 45) and provide support for lipid dysregulation as a pathogenic pathway of AMD. Because AhR has also been shown to play a role in cholesterol homeostasis and metabolic pathways (46) , an interesting finding in our study is the effect of AhR −/− on serum LDL levels in aged mice, similar to previous reports of elevated circulating LDL in young AhR −/− mice (12) . To further elucidate the role of AhR on lipid metabolism, we fed a cohort of 11-mo-old AhR −/− and wild-type mice (n = 15) a high fat/high cholesterol diet (HFD) for 8 wk (Fig. S5) . HFD consumption by AhR −/− mice resulted in a high mortality rate (73.4%, n = 11/15) and a low survival rate of 26.6% (n = 4/15) by 8 wk postinitiation of diet, compared with wild-type mice on the diet (survival rate of 93%, n = 14/15). These results support previous microarray studies demonstrating AhR as a critical regulator of lipid and cholesterol biosynthesis and lipogenesis (18, 19) . Noteworthy, the observed elevated LDL levels in our AhR −/− may also be in part due to the fact that young AhR −/− mice have been reported to develop expanded corneal limbal vessels of the eye and patent ductus venosus because of either increased blood pressure or failure in vasoconstriction in the liver (47) , which in turn may influence lipid metabolism. Regardless, our demonstration of elevated LDL levels in the absence of AhR expression in vivo, along with decreased AhR activity and protein expression in human RPE cells with age, and reports showing increased serum cholesterol and LDL levels in AMD patients (48) support a potential interplay between AhR and cholesterol/lipid homestasis in disease progression (18, 19, 49) . Future studies using tissue-specific knockout of AhR will serve to further tease out the relationship between AhR, lipid metabolism, and disease progression. In this study, we have shown accumulation of basal linear-like deposits in 16-mo-old AhR −/− mice. Although previous studies have described linear-like deposits in various transgenic mice, on closer examination, it is apparent that these mice exhibit thickened elastic and collagenous layers in Bruch's membrane (41, 50) rather than membranous debris accumulation (5). Morphologically, basal linear deposits are associated with increased risk of AMD (5) . Another unique finding in the AhR −/− mice was the observation of focal regions of choroidal thinning or atrophy. These regions corresponded with a high concentration of basal deposits, supporting recent observations of increased density of drusen above areas of choriocapillary dropout (51) . However, deposits were also seen in other quadrants of AhR −/− mouse eyes not associated with overt choroidal vasculature change. This finding and full characterization of the choroidal vasculature should be a focus of study.
It remains to be investigated why the absence of AhR affects RPE cells more than other retinal cells, such as photoreceptors and choroidal endothelial cells. To address AhR activity in photoreceptors, availability of high-fidelity in vitro models is necessary as AhR activity cannot be accurately assessed in human tissue samples. We have, however, evaluated relative AhR activity in RPE (ARPE19) compared with choroidal endothelial (RF/6A) cells and found endogenous AhR activity in ARPE19 cells to be 8.5-fold higher than in RF/6A cells (Fig. S6) . Results of visual function analysis in our cohort of AhR −/− versus wildtype mice also support a greater gene effect on RPE cells rather than the photoreceptor cells. Although, morphologically, we were able to detect some thinning of the ONL and INL in 11-moold AhR −/− relative to wild-type mice, the observed thinning could be due to the presence of diffuse sub-RPE deposits in the eyes. A similar finding of thinning of the ONL and INL overlying drusen has been reported in AMD patients (24) . Furthermore, a difference in localization of protein markers for secondary retinal neurons was not seen in AhR −/− versus wild-type mice. This finding is similar to that of Chevallier et al., who recently identified nystagmus in young 10-wk-old AhR null mice (23) . In their AhR −/− mice, as old as 3 mo, they also did not see any differences in localization of bipolar, amacrine, and horizontal cell markers based on genotype. It is, however, noteworthy that the AhR-null mice used by Chevallier et al. were produced on a C57BL/6N background (52) and carry a retinal degeneration mutation (RD8). Those mice are different from our cohort of AhR mice, which are on the C57BL/6J background (52) and do not harbor the retinal phenotypic complication of an RD8 mutation (Fig. S7) .
This study reports on the AhR signaling pathway in RPE cells and its potential role in the pathogenesis of AMD (Fig S8) . Our results indicate that there is an age-related decrease in AhR activity and expression in human RPE cells that could lead to a decrease in cellular xenobiotic metabolism and matrix metabolism, resulting in accumulation of extracellular matrix molecules and debris (sub-RPE deposits), as seen in early dry AMD, and, with progressive age, RPE degeneration or geographic atrophy, as seen in late dry AMD. Overall, our analysis of retinal function and phenotype of AhR −/− mice revealed substantial AMD-like lesions, establishing these mice as a model for further investigating mechanisms underlying initiation and progression of disease. Therefore, studies should focus on exploring the contribution of other AhR functions to disease pathology and the therapeutic potential of targeting AhR as a means to prevent or remove deposit accumulation.
Materials and Methods
Cell Culture. Passages 25-30 of ARPE19 cells, a cell line from a 19-y-old male donor, obtained from the American Type Culture Collection, were used in this study. Primary RPE cell cultures and freshly isolated RPE cells were obtained from donor eyes collected from the North Carolina Organ Donor and Eye Bank, Inc., less than 6 h postmortem and cultured within 24 h, in accordance with the Declaration of Helsinki for research involving human tissue. Human samples used in this study included young (<55 y) and old (>55 y) donors listed in Table S2 and were harvested from nondiabetic donors without a history of ocular disease. Eyes appeared grossly normal under microscopic examination. RPE cells were isolated as previously described for cell culture (53) or collected in RNAlater preservative (Invitrogen/ Life Technologies) for RNA studies (54) .
siRNA Transfection. The control small interfering RNA (siRNA) for a nontargeting sequence and siRNA for AhR (QIAGEN) were reverse transfected into cells using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer's protocol (54) . Mock transfection and scrambled siRNA served as additional controls. ARPE19 or primary RPE cells were added to each well with phenol-red-free DMEM/F12 or MEM media plus 7.5% (vol/vol) charcoal stripped FBS. After 24 h, cells were treated with drugs for 24 or 48 h. For chronic 1-wk transfection, 3 d after the first treatment, a second knockdown was performed. RNA and protein were extracted for real-time PCR (Table S4) and Western blot assay (Table S5) .
Transcriptional Activation Assays. Transcriptional activity of AhR was assessed using a luciferase-based reporter and target gene qPCR assays (54) . Lipofectin (Invitrogen)-mediated transfection was performed in cultured cells using plasmid DNAs of AhR-Tk-Luciferase, CMV-β-galactosidase, and pBSII (55) . After 24 h, cells were treated with agonists and antagonists at doses listed in Table S1 . Luciferase (reporter) and β-galactosidase [chlorophenol red-β-Dgalactopyranoside (CPRG) as substrate; transfection normalization] activities were measured using a Perkin-Elmer Fusion Instrument. For activation assays with siRNA transfection, cells were transfected with siRNA, following plasmid DNA transfection. Five hours postknockdown, cells were treated with drugs and lysed 24 h later for luminescence reading. Concomitantly cells were treated with these same compounds for RNA and gene-expression studies. All samples were run in triplicate, and experiments were performed a minimum of three times.
Mice. AhR-deficient mice (AhR −/− strain B6.129-AhR tm1Bra J) obtained from The Jackson Laboratory were bred and aged at The Hamner Institutes for Health Sciences and Duke University. The AhR strain carries a targeted deletion of exon 2 of the AhR gene and was backcrossed for 12 generations onto C57BL/6J (52) . AhR −/− mice were genotyped for the rd8 mutation to rule out genetic retinal degeneration ( Fig. S7 and SI Materials and Methods). Age-matched C57BL/6J mice purchased from The Jackson Laboratory served as wild-type controls. All animal procedures were performed under the supervision of the Duke University Institutional Animal Care and Use Committee. Effect of diet on genotype was evaluated in 11-mo-old AhR −/− and wild-type mice fed a high fat diet (Cocoa butter diet, T.D. 88051; Harlan Teklad) or normal diet as previously described (56) . Mice were weighed, and blood serum samples were collected at time of euthanasia. Eyes were collected for light and electron microscopy.
Electroretinography. ERGs were recorded using the Espion E 2 system (Diagnosys LLC) as described previously (57) . Briefly, 11-mo-old wild-type and AhR −/− mice were dark-adapted overnight and anesthetized by an i.p. injection of a ketamine/xylazine mixture (85/10 mg/kg). Pupils were dilated with 1% cyclopentolate-HCl and 2.5% phenylephrine, and the mouse body temperature was maintained at 37°C using a water-based warming pad. for all flash responses. Analysis of a-and b-wave amplitudes was performed as described (57) . For details of data analysis, see SI Materials and Methods.
RPE Flat-Mount Preparation. Post enucleation, the anterior segment of eyes from 11-mo-old wild-type and AhR −/− mice was removed, and the neural retina was dissected from unfixed posterior eyecups. For phalloidin staining of the RPE (Table S5) , eyes were fixed in -RPE flat mounts under light microscopy. The area of thinning was measured relative to total area of flat mount and digitally analyzed using ImageJ software.
Brightfield and Optical Coherence Tomography Imaging. A Micron III (Phoenix Research Laboratories Inc.) retinal imaging microscope was used to obtain brightfield images from selected anesthetized 11-mo-old wild-type and AhR −/− mice. The OCT module of the Micron III was used to image retinal layers guided from the brightfield.
Lipofuscin Quantification. A Leica Spectral Laser Scanning Confocal Microscope was used to measure autofluorescence throughout the entire RPE layer of 11-mo-old AhR −/− and wild-type cryosections (n = 3 sections per mouse, n = 4-5 mice per genotype) as previously described (58) . The three sections were selected randomly from the nasal, central, and temporal regions of the mouse eye. Lambda (λ) scans were performed using a 405-nm laser. Excitation and emission frequencies were measured with a 5-nm-wide band through a spectral range from 422.5 nm to 722.5 nm using serial 30-image scans at ∼10.3-nm intervals. Fluorescent intensities are represented as arbitrary units as defined by the confocal Leica software. The significance of differences in spectra obtained between AhR −/− and wild-type mice was assessed using a two-tailed t test, with no variance assumptions.
Lipid Profile Measurement. HDL and LDL/VLDL-cholesterol assay kit was used to measure serum HDL and VLDL/LDL-cholesterol concentrations (Abcam) in 11-mo-old wild-type and AhR −/− mice (n = 12-15 per cohort). Fifty microliters of serum from each mouse was diluted with 50 μL of dIH 2 O. This solution was then mixed with 100 μL of precipitation buffer to separate out the HDL and LDL/vLDL. Assays were performed in accordance with the manufacturer's instructions, and final data were extrapolated from a standard curve.
Statistical Analysis and Data Collection. One-and two-tailed Student t tests were performed with Excel, MATLAB, or GraphPad Prism. Values were considered statistically significant for P < 0.05 and have been indicated in figures. Each in vitro experiment was repeated a minimum of three times. Western blots shown are representative of a minimum of three independent experiments. Detailed methodology is described in SI Materials and Methods.
